Nephronophthisis (NPHP) is an autosomal recessive kidney disease that is often associated with vision and/or brain defects. To date, 11 genes are known to cause NPHP. The gene products, while structurally unrelated, all localize to cilia or centrosomes. Although mouse models of NPHP are available for 9 of the 11 genes, none has been described for nephronophthisis 4 (Nphp4). Here we report a novel, chemically induced mutant, nmf192, that bears a nonsense mutation in exon 4 of Nphp4. Homozygous mutant Nphp4 nmf192/nmf192 mice do not exhibit renal defects, phenotypes observed in human patients bearing mutations in NPHP4, but they do develop severe photoreceptor degeneration and extinguished rod and cone ERG responses by 9 weeks of age. Photoreceptor outer segments (OS) fail to develop properly, and some OS markers mislocalize to the inner segments and outer nuclear layer in the Nphp4 nmf192/nmf192 mutant retina. Despite NPHP4 localization to the transition zone in the connecting cilia (CC), the CC appear to be normal in structure and ciliary transport function is partially retained. Likewise, synaptic ribbons develop normally but then rapidly degenerate by P14. Finally, Nphp4 nmf192/nmf192 male mutants are sterile and show reduced sperm motility and epididymal sperm counts. Although Nphp4 nmf192/nmf192 mice fail to recapitulate the kidney phenotype of NPHP, they will provide a valuable tool to further elucidate how NPHP4 functions in the retina and male reproductive organs.
INTRODUCTION
Nephronophthisis (NPHP) is a leading cause of heritable kidney disease in children and young adults. The major clinical features of this autosomal recessive disorder include polyuria, polydipsia and anemia (1) (2) (3) . End-stage renal failure, characterized by renal fibrosis, medullary cysts and disruption of the basement membrane, occurs during childhood (4) . NPHP has been associated with syndromes such as Senior -Loken syndrome (SLSD) with retinitis pigmentosa (RP), Joubert syndrome with RP, cerebellar and brainstem malformations and mental retardation (2) .
Mutations in NPHP1 -9, NPHP11 and AH1 are currently reported to cause NPHP in humans. The proteins encoded by these 11 genes are diverse in structure and cellular localization (3) . A mutation in NPHP4, which encodes a 1426 amino acid protein named nephrocystin-4, also known as nephroretinin, was first identified in 2002 (5) . NPHP4 is a phylogentically conserved protein with no recognized motifs, except for a proline-rich domain between amino acids 458-514. NPHP1, RP GTPase regulator interacting protein 1 (RPGRIP1), NPHP8 (also known as RPGRIP1L) and Retinitis pigmentosa GTPase regulator (RPGR) are reported to be binding partners of NPHP4 (5 -8) . The N-terminus (amino acids 1 -176) of NPHP4 binds to the C-terminal end of NPHP1, to the C2 domain of RPGRIP1 (amino acids 560-590), to the central portion of NPHP8 (amino acids 591-1093) and to the RCC1-like domain of RPGR. NPHP4 has also been identified as part of a protein complex including breast cancer antiestrogen resistance 1, protein tyrosine kinase 2b and NPHP1 * To whom correspondence should be addressed at: The Jackson Laboratory, 600 Main Street, Bar Harbor, ME 04609, USA. Tel: +1 2072886383; Fax: +1 2072886077; Email: patsy.nishina@jax.org (9) , proteins known to be involved in common renal diseases. NPHP4 localizes in the organelles associated with the centrosomes and primary cilia in cultured MDCK cells (9) , and various structures within the retina (6) .
In this study, we report a new mouse model of Nphp4 generated by ethyl nitrosourea (ENU) mutagenesis at the Neuromutagenesis Facility (NMF) of The Jackson Laboratory (JAX). nmf192 mutants, herein referred to as Nphp4 nmf192/nmf192 , bear a nonsense point mutation in the Nphp4 gene. Contrary to our expectations, Nphp4 nmf192/nmf192 mice do not display overt kidney defects. Instead, Nphp4 nmf192/nmf192 mice exhibit defective outer segment morphogenesis associated with rapid photoreceptor degeneration and male infertility. Since NPHP is often associated with retinal disease in syndromic cases in humans, this mouse model will provide a new resource for examining the tissue-specific phenotypes associated with NPHP4 mutations.
RESULTS

Nphp4 nmf192/nmf192 mice exhibit retinal abnormalities but not renal or hearing abnormalities
The nmf192 mutation, mapped to Chromosome 4 (Supplementary Material, Fig. S1 ), is a single base pair substitution (T to A) found in exon 4 of the Nphp4 gene ( Fig. 1A) . To determine whether the base substitution was novel or a single nucleotide polymorphism shared among strains, a sequence comparison of exon 4 of the Nphp4 gene from 13 inbred strains was done. All of the examined strains harbored a thymidine at nucleotide 655 (data not shown), indicating that the point mutation was specific to nmf192/nmf192 mutants. The mutation is predicted to cause amino acid Leu104 to become a termination codon. Leu104 is evolutionarily conserved across species from humans to mouse (Supplementary Material, Fig. S1 ) (10) . A 150 kDa NPHP4 band was not detected in Nphp4 nmf192/nmf192 mutant retinas ( Fig. 1B ) by western analysis with an antibody raised against Nterminal 188 amino acids of NPHP4. Besides the 150 kDa product, multiple smaller bands were observed by western analyses. The smaller bands were found in both mutant and control retinas suggesting non-specific binding or the presence of alternative splice forms of NPHP4 that were not affected by the mutation. In the Ensemble database, Build 37, a shorter isoform of Nphp4 was reported (transcript ID ENSMUST00000047943), which utilizes alternative exons 4-6 that are not expected to be affected by the nmf192 mutation. Also, by RT-PCR with a forward primer in exon 2 and reverse primer in intron 3, a 600 bp major band was observed in both wild-type (WT) and Nphp4 nmf192/nmf192 mutant eyes. Direct sequencing of the amplicon indicated a novel alternative isoform, which extends exon 3 (Supplementary Material, Fig. S1 ). To date, 12 isoforms in human NPHP4 (GRCh37) have been posted in the Ensembl database.
Given the disease phenotype observed in patients with NPHP4 mutations, we examined renal parameters in Nphp4 nmf192/nmf192 mice. The lifespan of Nphp4 nmf192/nmf192 mutants was comparable with WT controls with no evident clinical symptoms of kidney failure (data not shown). Kidney size and weight was similar between mutant and WT controls (data not shown). Kidney cysts, a common feature of NPHP, were not detected in Nphp4 nmf192/nmf192 mice even at 2 years of age. Blood urea nitrogen and urine creatinine biochemistries (Supplementary Material, Table S1 ), indicators of kidney function, were within normal levels and comparable with WT controls. Kidney histology was similar for both WT and mutant mice ( Fig. 1C and Supplementary Material, Fig. S1 ).
Cilia dysfunction can lead to hearing impairment as cilia line the inner hair cells. Examples of cilia-related genetic syndromes, such as BBS (11) and Usher syndrome (12) , have been shown to cause both vision and hearing defects. Therefore, hearing in Nphp4 nmf192/nmf192 mice and littermate controls was assessed by auditory brain-stem response (ABR) threshold testing at 2 and 6 months of age (m). At 2m, hearing in Nphp4 nmf192/nmf192 mice was comparable with controls in all ranges tested (data not shown). At 6m, although mutant mice showed an elevated threshold at 32 kHz, the highest frequency tested (average + standard error; Nphp4 nmf192/nmf192 mice 87.7 + 4.4 dB; 45 dB is considered to be normal at this frequency), controls were similarly elevated (90.0 + 5.0 dB). Figure 1 . The kidney morphology in Nphp4 nmf192/nmf192 is normal despite the nonsense Leu104Ter mutation. (A) By direct sequence analysis, a single base pair substitution (T to A) was found in exon 4 of the Nphp4 gene of nmf192/ nmf192 mice. The mutation is predicted to cause amino acid Leu104 to become a termination codon. (B) To examine the effects of the mutation on the Nphp4 gene product, an antibody was raised against 188 amino acids from the N-terminus of NPHP4. Western analysis of retinal lysates from 2-month-old control and mutant mice stained with anti-NPHP4 was conducted. Besides a major full size product at 150 kDa, multiple smaller bands were observed in lysates from control retinas. The largest NPHP4 band was not detected in Nphp4 nmf192/nmf192 mutant retinas, however, smaller bands were found in both mutant and control retinas suggesting alternative splice forms or non-specific interaction with the polyclonal NPHP4 antibody. Staining with anti-g-tubulin served as a loading control. (C) Nphp4 nmf192/nmf192 mice have normal kidney morphology. H&E staining of kidneys from 6-month-old male control (left) and Nphp4 nmf192/nmf192 (right) mice. Bar ¼ 50 mm.
This suggests that the observed hearing impairment might be due to a general background strain effect associated with aging (13) and not to the Nphp4 nmf192/nmf192 mutation per se.
By indirect ophthalmoscopy, the retinas of homozygous Nphp4 nmf192/nmf192 mice appear mottled and grainy with attenuated blood vessels as early as 6 weeks of age (w) and exhibit patches of depigmentation by 10w ( Fig. 2A ). Histologically, retinas of Nphp4 nmf192/nmf192 mice show progressive photoreceptor degeneration. Outer segments (OS) in mutant mice are shorter than controls as early as 2w ( Fig. 1B) . At P19, the thickness of outer nuclear layer (ONL) was 43% that of control while the inner nuclear layer (INL) was spared ( Fig. 2B -D and Supplementary Material, Fig. S2 ). By P21, the thickness of the ONL was reduced to 17% of control, and the thickness of INL was reduced to 70% of control. The reduction in the INL, therefore, is likely to be a secondary effect of photoreceptor loss on INL cell viability. Thickness of the outer plexiform layer (OPL) was also remarkably reduced by 4w. The loss of photoreceptor cells occurs as a result of apoptosis (Supplementary Material, Fig. S2 ). Partial loss of retinal pigment epithelial (RPE) cells was also observed at 10w (data not shown), corresponding to the depigmented patches seen by fundus examination. Electroretinograms (ERG) recorded in 9w mutant mice demonstrate a complete lack of both rod and cone response to light stimuli (Supplementary Material, Fig. S2 ).
Because photoreceptors were observed to rapidly degenerate in homozygous Nphp4 nmf192/nmf192 mice after eye opening at P14, and Nphp4 is located in one of the quantitative trait loci (QTLs) regions that harbor gene(s) that lead to sensitivity to light-induced photoreceptor degeneration in mice bearing the Rpe65 Leu450 mutation (14) , we bred Nphp4 nmf192/nmf192 mice in the dark and examined their disease progression histologically. As dark rearing did not retard photoreceptor loss in mutant mice (data not shown), this indicates that the C57BL/6J (B6)-Nphp4 nmf192/nmf192 is not modulated by environmental light exposure.
In order to determine whether the BALB/cJ and 129S1/ SvImJ (129) alleles of Nphp4 might be responsible for the lightsensitivity QTL in Rpe65 Leu450 mice (14) , we examined the entire coding region of Nphp4 in the 129 and BALB/CJ strains by direct sequencing. BALB/cJ, the strain that is most sensitive to light-induced photoreceptor degeneration, had an identical coding region sequence with B6 (data not shown). Two previously reported nucleotide polymorphisms in the coding region of Nphp4 were found between strains 129 and B6. One SNP is predicted to cause a non-synonymous change from Thr490 to Ile490, and the other, a synonymous change in Asn620. In order to determine whether the identified SNPs might be responsible for the modulation of the damage caused by light exposure, B6-Nphp4 nmf192/nmf192 mice were out-crossed with 129 mice bearing the Nphp4 SNPs. While the ONL thickness (ONLT) of central retina was shortened in the parental 129 strain 2 weeks after exposure to bright light (12 000 lux, 1 h exposure), the retina of B6;129-Nphp4 +/nmf192 F1 mice, treated in the same manner, were not affected and were similar to B6 control mice (data not shown).
Taken together, the disease progression of the B6-Nphp4 nmf192/nmf192 allele was not modulated by dark rearing, and the light sensitive QTL in Rpe65 Leu450 mice identified in the BALB/cJ and 129 strains is not caused by coding region alterations in Nphp4.
OS do not form properly in Nphp4 nmf192/nmf192 mice
To better assess the effects of the shortened OS structure in the Nphp4 nmf192/nmf192 retina, the localization of rod OS proteins, rhodopsin and ROM1 was examined. Both proteins were found to mislocalize to inner segments (IS) and ONL ( Fig. S3 ). Cone opsins mislocalized to the IS and ONL but were also found in OS-like structures, as viewed from a scleral orientation of whole-mount retinas from P14 Nphp4 nmf192/nmf192 mice ( Fig. 3E and F).
NPHP4 was previously localized to the connecting cilia (CC) region in mouse retina (6) . We examined NPHP4 localization in respect to the axonemal marker, RP1, and basal body marker, g-tubulin ( Fig. 4A -D) . NPHP4 staining, which could be blocked by competing with a recombinant N-terminal NPHP4 fragment, was found in the transition zone of the CC between the axoneme and the basal bodies. This suggests a structural or transport role for NPHP4. We, therefore, examined the translocation of transducin and arrestin, signaling proteins that traverse the CC upon light exposure. As expected, in controls, transducin localized to OS in dark-adapted retinas and translocated to the IS upon light exposure, with the converse being true for arrestin ( Fig. 4E , F, I and J). In dark-adapted retinas from Nphp4 nmf192/nmf192 mice, transducin staining was observed in both the IS and OS ( Fig. 4G ), indicating a partial mislocalization. However, upon light stimulus, the transducin in the OS translocated to the IS (Fig. 4H ). Arrestin immunostaining was limited to the IS in dark-adapted retinas as in controls, and as anticipated, translocated to the OS upon light stimulation ( Fig. 4K and L). NPHP4, therefore, does not appear to be necessary for light-dependent protein translocation across the CC. Staining pattern and intensity of intraflagellar transport protein, IFT88 (also known as polaris), involved in active transport across the CC was similar in Nphp4 nmf192/nmf192 and control retinas (Supplementary Material, Fig. S3B ). Also, no obvious abnormalities in the staining pattern of acetylated tubulin in mutant retina were noted ( Fig. 4M and N) . This, taken together with the normal staining appearance of RP1 and g-tubulin, suggests that the CC structure is intact in mutant retinas. In contrast, the staining patterns of RPGRIP1 and RPGR, proteins normally localized to the outer sheath of the CC, were aberrant in Nphp4 nmf192/nmf192 mice. Anti-RPGRIP1 and anti-RPGR staining of the CC was significantly reduced in mutant retina compared with controls ( Fig. 4O and P and Supplementary Material, Fig. S3 ) and appeared to be partially mislocalized to the ONL as indicated by both the diffuse and the areas of bright linear staining in the photoreceptor cytoplasm surrounding the nuclei. The levels of both proteins, however, were not reduced in the mutant eye when assessed by western analysis (Supplementary Material, Fig. S3 ), suggesting that NPHP4 may be, in part, necessary for the CC localization of RPGRIP1 and RPGR.
Given the localization of NPHP4, we examined the morphological features of the OS and CC in greater detail by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). TEM confirmed the shorter OS observed by light microscopy at P14 in mutant retinas. In addition, TEM revealed that the OS were disorganized, and reduced in number when compared with littermate controls, which displayed uniformly orientated and elongated OS ( Fig. 5A and B). Basal bodies and axonemes were similar in structure in Nphp4 nmf192/nmf192 mice and in controls ( Fig. 5 and Supplementary Material, Fig. S4 ); however, the distal end of mutant CC flanged outwardly to a greater degree than in WT (Supplementary Material, Fig. S4 ). By SEM, P7 mutant retinas were similar in morphology to littermate controls ( Fig. 5C and D). Nascent cilia emerged from IS, and the length and number of cilia of Nphp4 nmf192/nmf192 mice were comparable with that of controls. At this age, control, but not mutant mice, occasionally exhibited rudimentary OS at the CC tip (15) . At P12, control OS were elongated and formed paddle-shaped structures, consistent with earlier observations reported in the literature (15, 16) . In mutant retinas, however, rudimentary OS were rarely observed and OS failed to elongate ( Fig. 5E and F).
Synaptic defects in the OPL of Nphp4 nmf192/nmf192 mutant retina
The onset and basis for the shortened OPL of mutant animals observed by light microscopy was examined in further detail. While the thickness of the OPL in Nphp4 nmf192/nmf192 mutant retinas was not obviously different from controls by light microscopy at P10, by P11 the difference was readily apparent (Fig. 6A ). As shown in Figure 1 , by P14 the OPL thickness in mutants was approximately 50% that of controls and by 4w, 25% of controls.
Immunohistochemical (IHC) analysis of the OPL was carried out to determine whether particular synaptic proteins were affected in Nphp4 nmf192/nmf192 mutants. At P8, staining of synaptophysin, a major synaptic vesicle protein, was similar in mutants and controls ( Fig. 6B ). However, by P12 the continuous linear staining within the OPL, normally observed in WT mice, was disrupted in Nphp4 nmf192/nmf192 retinas with focal areas of brightly staining aggregates surrounded by areas devoid of staining. Some synaptophysin positive ectopic synapses were detected deep within the 
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ONL of mutant mice as well. Like synaptophysin, little difference in post-synaptic denstity protein 95 (PSD95), a presynaptic marker in OPL, was discernable at P8 between mutants and controls ( Supplementary Material, Fig. S5 ). However, by P12 the intensity of PSD95 staining of the OPL appeared to be greater for mutants than WT and by P14 a remarkable loss of PSD95 signal relative to controls was observed ( Fig. 6C ). Also, PSD95 staining appeared between photoreceptor nuclei at the innermost surface of the ONL. Western analysis was done to determine whether the difference in the intensity of PSD95 between P8 and P12 was due to a quantitative change. Because the total protein level of PSD95 was not different between control and mutant at P8 and P12 ( Supplementary Material, Fig. S5 ), it suggests that the difference in IHC staining might reflect a change in the ribbon synapse structure. Interestingly, at P12, only a few peanut agglutinin (PNA) positive cone pedicles were detectable in the OPL of Nphp4 nmf192/nmf192 mutants compared with controls ( Fig. 6D) , perhaps contributing to the shortened OPL.
Anti-NPHP4 stained synaptic ribbons in the OPL, which could be blocked by pre-incubation with a recombinant N-terminal NPHP4 fragment ( Fig. 6E ), co-localized with RIBEYE, a synaptic ribbon protein, but not with Bassoon, a protein anchoring ribbons to the synaptic terminals ( Fig. 6E ). Some NPHP4 positive staining was also observed in PNA-positive cone pedicles in controls, indicating that NPHP4 is expressed in both rod and cone ribbons ( Fig. 6E ). Figure 5 . Ultrastructural analysis of the developing photoreceptor in mutant and WT mice. Rudimentary OS that failed to elongate were observed by transmission electron microscopy in mutant retinas at P14 (arrows, A and B). Basal bodies (arrow heads) were similar in structure in control and mutant retinas. A cross-section of mutant CC at P10 in insert of (B) shows the normal nine sets of doublets. Scanning electron microscopy revealed comparable CC number and length at P7 (C and D). But by P12, short and rudimentary OS were observed in mutant while well-organized and elongated paddle shape OS were found in littermate controls (E and F). The shortening of OPL was not obvious by light microscopy at P10 (i), whereas the shortening of OS was observable by P11 (ii). (B) Synaptophysin staining at P8 (i) and P12 (ii). Synaptophysin staining was discontinuous (arrows) and ectopic staining in the ONL (arrowhead) was observed at P12 (ii). (C) PSD95 was similar between mutant and controls at P12 (i) but reduced in staining intensity at P14 (ii). v indicates blood vessels stained with anti-mouse secondary antibodies. (D) Reduced PNA cone pedicle staining (arrows) and ectopic staining in ONL (arrowhead) were observed at P14 (i). Normally PSD95 and PNA do not colocalize at P14 (ii, left) but in the Nphp4 nmf192/nmf192 OPL some co-localization of these biomarkers were observed (arrows, ii), indicating the shortening of the OPL. m indicates the mislocalized PNA staining of the cone nucleus. (E) NPHP4 antibody stains rod and cone ribbons as indicated by double-staining with PNA (i), Bassoon (ii) and RIBEYE (iii). Arrows indicate cone pedicles stained with PNA. (F) Synaptic ribbons were stained with RIBEYE at P8 (i) and P12 (ii). OPL shortening was observed by staining with pre-synaptic marker kinesin-II (KIN) at P14 (iii). The typical horse-shoe shape of the ribbon synaptic terminal revealed by anti-kinesin-II staining was not well preserved in Nphp4 nmf192/nmf192 mutant retinas. Bars ¼ 50 mm (A-D) and 20 mm (E and F).
Synaptic ribbon biomarkers were examined in mutants and controls between P7 and P14, the time frame in which synaptic ribbons form (17, 18) . At P8, punctuate RIBEYE positive staining was found in the OPL in both mutants and controls at approximately the same intensities (Fig. 6F ). However, by P12 the number of RIBEYE positive ribbons was reduced relative to controls and a qualitative difference in staining was observed. In WT, both punctuate and horseshoe-shaped staining patterns were observed, while in mutants, the majority of synaptic ribbons stained in a punctuate fashion. This difference was even more evident with kinesin II staining. In addition to a reduction in the number of synaptic ribbons at P14, mutant ribbons stained in punctuate or rod-like patterns with few, if any, horse-shoe shaped ribbons that were found in abundance in WT.
To determine whether the differences in synaptic ribbon staining were attributable to structural alterations in the ribbons themselves, we examined them by TEM at P8, P10 and P14 (Fig. 7) . At P8, when cone synapses develop (18) , ribbons were attached to the synaptic terminal, and synaptic vesicles were tethered around the synaptic ribbon in mutant and controls (data not shown). By P10, when rod synaptic ribbons develop (18) , both the number and the length of synaptic ribbons increased in controls and Nphp4 nmf192/nmf192 mutants. The size and the structure of the synaptic ribbon in Nphp4 nmf192/nmf192 mutants were comparable with controls ( Fig. 7) . However, while we found two or three ribbons in each TEM field examined from controls, at P14, zero to one ribbon was observed in comparable fields from mutants ( Fig. 6 ), confirming the reduction in RIBEYE and kinesin II staining observed in the OPL of Nphp4 nmf192/nmf192 mutants. The synaptic ribbons from mutants were short with ill-defined edges when compared with WT ribbons, which were elongated with slightly up-turned, tapered ends. Taken together, it appears that synaptic ribbons in Nphp4 nmf192/nmf192 mutants undergo normal early development in both cones and rods, and then rapidly degenerate by P14.
In addition to the deterioration of the ribbon synapse, abnormal horizontal cell processes were observed in the ONL of Nphp4 nmf192/nmf192 retinas at P11 (Supplementary Material, Fig. S5 ), prior to the loss of photoreceptor cell bodies. The abnormal processes were most prominent at P14. Remodeling of the synapses within the OPL has been observed previously in retinal degeneration models (19, 20) . However, these observations were made in mutant mice in which severe loss of photoreceptor cell bodies had already occurred. We, therefore, sought to determine whether abnormal processes were also observed prior to significant loss of photoreceptor cell bodies in several different retinal degeneration models to determine whether the ectopic horizontal cell processes were simply a general phenomenon of all retinal degenerations ( Fig. 8 ). We selected a number of models in which the molecular mechanism of retinal degeneration were not associated with the CC, and that demonstrated a range of disease onset and progression. Because the disease progression of these mouse models was different, we sampled at the age at which the majority of the ONL layer was intact, a period in which Nphp4 nmf192/nmf192 animals expressed the abnormal processes. Abnormal horizontal cell processes were not observed in mutants bearing alleles of Pde6a (21), an in-frame deletion of Mfrp (22), nor a new allele of MerTK (personal communication, data not shown). Therefore, the timing of the ectopic horizontal cell processes appears to be specific to the Nphp4 nmf192/nmf192 mutants and not a general phenomenon of mutants exhibiting a rapid loss of photoreceptor cells.
Reproductive function
Homozygous Nphp4 nmf192/nmf192 female mice were fertile with normal litter size and mating frequencies. In contrast, homozygous Nphp4 nmf192/nmf192 males failed to sire offspring (Table 1) . Sperm was rarely found in the caudal epididymi in Nphp4 nmf192/nmf192 males and if found, displayed poor motility and failed to induce fertilization during in vitro fertilization (IVF) experiments (Table 1) .
To determine whether mutant male mice show normal spermatogenesis, we examined both testicular and epididymal tissue histologically. Testes weight of Nphp4 nmf192/nmf192 mice did not differ from controls (Fig. 9A) , ruling out testicular atrophy as the primary underlying cause of male infertility. Even at an advanced age, the mutant mice contained spermatogonial stem cells, as well as mature spermatozoa with elongated tails; however, the amount of spermatozoa in histological cross-sections of the testes in Nphp4 nmf192/nmf192 males was remarkably reduced compared with controls (Fig. 9G) , and sperm counts from the caudal epidydimus confirmed a 98% reduction in mature spermatozoa in Nphp4 nmf192/nmf192 compared with controls ( Fig. 9B ). Few spermatozoa displayed movement (Fig. 9D) , and those that did move had such poor quality of forward movement (Fig. 9E ) that the sperm motility index (SMI) was insufficient to induce fertilization either in vivo or in vitro ( Fig. 9C and Table 1 ). The impaired motility of sperm was not caused by disorganization of its flagellular axoneme as the cross-section and longitudinal electron microscope images of the flagella displayed an intact normal nine microtubule doublets encircling a central microtubule pair in both control and Nphp4 nmf192/nmf192 mutants (Fig. 9F ). IHC results showed that NPHP4 localizes next to the basal bodies, stained by g-tubulin in the testicular spermatozoa and spermatids (Fig. 9H) . Epididymal spermatozoa and spermatozoa from the lumen of the testis were negative for both NPHP4 and g-tubulin antibodies. NPHP4-positive staining was observed proximally, towards the sperm head relative to g-tubulin. As with the photoreceptor synaptic ribbons, NPHP4 staining of the Nphp4 nmf192/nmf192 mutant testis was still observed at 6w (data not shown).
DISCUSSION
Although mutations within NPHP4 are associated with NPHP and SLSD (5) in humans, the cellular functions of NPHP4 and the pathways leading to the observed pathologies are not well understood. Their similarities to other ciliopathies (1 -3,23 -26) suggest NPHP4 may participate in intraflagellar transport (IFT) or sensory signal transduction (27, 28) . A role for NPHP4 in cell adhesion and cytoskeleton modulation has also been indicated as NPHP4 has been found in cell -cell junctions with NPHP1 and actin-binding proteins (9) .
The progress toward understanding the cellular role of NPHP4 has been hampered by the lack of an easily accessible animal model. While a deletion in Nphp4 has been reported in a dog cone-rod dystrophy model (29) , extensive studies have yet to be carried out. Here we report the first rodent model bearing a mutation in Nphp4. Contrary to our expectations, Nphp4 nmf192/nmf192 mice fail to develop the kidney abnormalities observed in humans. However, it should be noted that models bearing mutations in Nphp1 and Nphp6 also have normal kidney morphology and function (30, 31) , as does the cone-rod dystrophy dog model with an Nphp4 mutation. While the protein sequence for NPHP4 is relatively conserved among human, mouse and dog, with 76-78% amino acid sequence identity, it is possible that the divergence of the remaining amino acids may lead to a structural or functional difference in NPHP4 in mouse and dogs. Alternatively, the dissimilarity in kidney pathology of the animal models and type 4 NPHP patients may be explained by species variation in tissue expression profiles, availability of compensatory molecules in mouse and dog, and/or physiological differences of organs between species. It is also possible that the B6 genetic background confers protection against kidney dysfunction in Nphp4 nmf192/nmf192 mice. Tmem67 bpck mice show a less severe kidney phenotype in a mixed background than in either B6 or C3H/HeJ congenic lines (32) .
Ciliopathies, such as primary cilia dyskinesia (PCD), are often associated with infertility (23) . Contrary to our expectations, however, the male infertility in Nphp4 nmf192/nmf192 mice does not appear to be caused by an underlying disorganization of the axoneme in the flagella of the spermatozoa, as the nine doublet and central pairs of microtubules are ultrastructurally intact as revealed by our electron microscopy data. Also, a lack of circulating testosterone is unlikely to contribute to the infertility because mating behavior is intact and the gonads are of normal size. Nevertheless, it is clear from our experiments that insufficient sperm motility, coupled with a 98% loss of spermatozoa, underlies the infertility in male Nphp4 nmf192/nmf192 mice.
While the Nphp4 nmf192 mouse model does not fully recapitulate human type 4 NPHP, it does develop the retinal disease observed in patients with SLSD, which has been reported to range from Leber congenital amaurosis (LCA) to RP (2). The early and rapid loss of photoreceptors and visual function observed in Nphp4 nmf192/nmf192 mutants is most reminiscent of LCA and may be attributed in part to the defects in OS development. Fully elongated OS with mature discs observed in WT mice were never detected in Nphp4 nmf192/nmf192 mutants. Instead, short and disorganized OS remnants were seen at the ultrastructural level. As a ciliopathy, the abnormal OS development could be explained by defects in the CC, a modified cilia structure. Recently, NPHP4 has been proposed to regulate localization of the IFT machinery and of axonemal components (33) . Morphologically, however, as with other ciliopathies (34, 35) , the CC appears to be intact in Nphp4 nmf192/nmf192 mutants. While transport of molecules such as rod transducin and arrestin did not appear to be affected at P14, transport of rhodopsin, a molecule necessary for OS elongation and elaboration, is affected by the loss of NPHP4 function.
The disease features of Nphp4 nmf192/nmf192 eyes are very similar phenotypically to that of Rpgrip1 nmf247 mutants, a null allele of Rpgrip1 (15) . Like NPHP4, mutations in RPGRIP1 are associated with LCA, and the mouse models of Rpgrip1 exhibit early retinal degeneration (15, 36) . Both Nphp4 nmf192/nmf192 and Rpgrip1 nmf247/nmf247 mutants show a similar rapid rate of photoreceptor degeneration with only one layer of nuclei left in the ONL by 4w. RPGRIP1, which also localizes to the CC in mouse, has been shown to directly interact with NPHP4 in both in vivo and in vitro assays (6) . Our data suggest that NPHP4 may assist in the localization of RPGRIP1 to the CC, in a similar manner, as RPGRIP1 is necessary for the tethering of RPGR to the CC (36). RPGRIP1 and NPHP4, however, are likely to play noncomplimentary, non-redundant roles within the retina as compound heterozygous Nphp4 nmf192/+ , Rpgrip1 nmf247/+ mice have normal retinas (data not shown).
An interesting finding in the retina of Nphp4 nmf192/nmf192 mutants was the abnormal OPL, where photoreceptors synapse with secondary neurons. Previous studies have shown NPHP4 localization to the OPL (6, 37) . Our investigations suggest that NPHP4 localizes to the synaptic ribbons in the OPL. The synaptic ribbons, however, appear to develop normally in mutant mice until P8 as the localization and intensities of synaptic markers, and ultrastructure were similar to controls. However, by P14, a rapid deterioration of the ribbons was observed by ultrastructural studies with abnormal patterns of staining of ribbon markers. Our observations suggest that if NPHP4 has a direct function in the synapse, then it does not appear to be necessary for the early assembly of the synaptic ribbon, but may be necessary for its maintenance.
Abnormal synapses have also been reported for knock-out (KO) models of synaptic ribbon components such as Bassoon and Kif3a; voltage-gated channel components such as CaBP4 and Cacna1f; and cytoskeleton related proteins such as Myosin Va and Laminin ß2 (38 -43) . However, in each case while some of the abnormalities reported were similar to that observed in Nphp4 nmf192 mutants, many were not. For example, Laminin ß2 deficient mice exhibit an increased number of floating ribbons, while most of the synaptic ribbons float in Bassoon KO mice (38, 40) ; a phenotype not observed in Nphp4 nmf192/nmf192 mutants. ERG b-wave is absent in Cacna1f mutant mice (nob2) under light-and dark-adapted conditions, and ectopic horizontal processes and abnormal staining with synaptic markers are observed in Cacna1f nob2 retina (43) . Likewise, CaBP4 KO mice show punctuate staining of ribbon markers with ectopic horizontal and bipolar processes (42) . Finally, while photoreceptor ribbons are Nphp4 nmf192/nmf192 males (n ¼ 8) failed to sire offspring when mated to WT female mice. To determine whether male sterility was caused principally by a lack of coital behavior, male homozygous mutants were mated overnight with hormone-primed female WT mice. Copulatory plugs were found from all mutant (n ¼ 8) and control (n ¼ 8) male mice after mating. However, no pregnancies were detected in the mutant group, whereas nearly all WT males induced pregnancies. Sperm was found in the caudal epididymi in only one male Nphp4 nmf192/nmf192 mouse, while all control males contained motile sperm capable of inducing fertilization and producing embryos during IVF experiments. The sperm from the one male mutant with caudal epididymal sperm, displayed poor motility and failed to induce fertilization during IVF experiments. * P , 0.01.
morphologically compromised in MyoVa deficient mice (39) , their localization is normal. Ectopic horizontal cell processes with synapses within the OPL and ectopic cone pedicles in the ONL are present in the retina of Nphp4 nmf192/nmf192 mice as early as P11. However, unlike Bassoon and Cacna1f mutant mice, ectopic bipolar dendrites were not observed in Nphp4 nmf192/nmf192 mutants. A conditional KO model of Kif3a, a molecular motor protein for vesicle transport across the CC and a ribbon component exhibit both photoreceptor nuclei loss and OPL defects (40) . Like KIF3A, it is possible that NPHP4, which localizes to both the ribbons and CC, plays a necessary and similar functional role at both sites. In summary, we describe disease phenotypes of Nphp4 nmf192/nmf192 mutant mice generated by ENU chemical mutagenesis. Analyses of mutant mice show defective OS and synaptic ribbon morphogenesis and ectopic horizontal cell dendrites in the retina, and male infertility. This Nphp4 nmf192 mouse model will be useful for dissecting the roles of NPHP4 in the retina and spermatogenesis, and for providing a resource to elucidate the mechanisms underlying the molecular pathogenesis observed.
MATERIALS AND METHODS
Origin of mutant mice and husbandry
Homozygous nmf192 mice were identified in a B6 G3 ENU mutagenesis screen (http://nmf.jax.org). Mice, bred and housed in the Research Animal Facility, were provided NIH31 6% fat diet, and acidified water in a vivarium with a 12-h light/12-h dark cycle. All experimental procedures were approved by The Jackson Laboratory Animal Care and Use Committee. For dark rearing, mice were bred and maintained in a dark room under the same housing conditions. Filtered red light was used to carry out the maintenance of the mice and to collect samples.
For examining the stimulus-dependent translocation of signaling molecules in the retina, a group of mice were dark adapted for 16 h. Alternatively, for light stimulus, mice were treated with 1% atropine eye drops and transferred to a mirrored box in which they were exposed to 1300 lux of light for 30 min. Eyes enucleated from mice euthanized by carbon dioxide asphyxiation were processed as described below.
For examining light-induced degeneration, mice were dark-adapted overnight. Prior to bright light exposure, pupils were dilated with atropine. The mice were exposed to 12 000 lux of light for 1 h in a mirrored box and returned to normal 12-h light/12-h dark cycle vivarium conditions. Eyes were collected for histology 14 days after bright light exposure.
Visual and auditory examination
For the ophthalmic examination, pupils were dilated with atropine prior to examination by indirect ophthalmoscopy using a 60 diopter aspheric lens. Detailed methods and equipment used for fundus photography and ERG have been previously described (34) .
For the hearing function, mice were assessed by ABR threshold analysis. The ABR threshold was recorded in dB SPL (decibels, sound pressure level) for click, 8 kHz, 16 kHz and 32 kHz sound. Detailed methods have been previously described (44) .
Genetic mapping and sequence analysis
For chromosomal localization of the mutation, affected nmf192/nmf192 females maintained on a B6 genetic background were outcrossed with male DBA/2J mice. The resulting F1 progeny was intercrossed to generate F2 offspring, which were phenotyped by indirect ophthalmoscopy. Genomic DNA was isolated from tail tips using a PCR Buffer with Nonionic Detergents (PBND) preparation (15) or a simple salt precipitation method (45) . A DNA pooling strategy described by Taylor and Phillips (46) was carried out in which genomic DNA from 10 affected and 10 unaffected mice were pooled separately and screened in a genomewide scan using 92 SSLP markers. Three hundred forty-four DNAs isolated from F2 offspring were tested for recombinations with D4Mit42 and D4Mit344, markers flanking the critical region. DNA from 51 F2 mice that were recombinant within the region was tested individually for fine mapping of the chromosomal region.
For the light sensitivity modifier test, affected female B6-Nphp4 nmf192/nmf192 mice were outcrossed to 129 male mice. The resulting B6;129 Nphp4 +/nmf192 F1 mice and both parental strains were used for the light-stimulated degeneration study, as describe above.
For coding sequence comparisons, total RNA was isolated from whole eyes of affected animals, B6 control, 129 and BALB/cJ using TRizol Reagent (Life Technologies). The evaluation of the RNA quality, method for cDNA preparation and PCR protocols were described previously (15) . Ten primer sets (Supplementary Material, Table S2 ) were used for amplifying the entire coding region of Nphp4 and PCR amplicons were sequenced on an Applied Biosystems 3730XL sequencer.
Histological and IHC analyses
The protocols for histology and immunohistochemistry were described previously (34) . Briefly, the enucleated eyes were fixed overnight in cold methanol/acetic acid solution (3:1, v/v), embedded in paraffin and cut into 6 mm sections for hematoxylin and eosin (H&E) staining or IHC analysis. Alternatively, fresh eyes or testis were frozen in optical cutting temperature (Tissue-Tek) compound, and cut into 10 mm section, followed by cold acetone fixation prior to IHC analysis. Occasionally, dissected retinas were fixed 2 h in cold 4% paraformaldehyde (PFA) and incubated overnight in 30% sucrose solution. The fixed retinas were frozen and cut in the same manner as fresh tissue described above without acetone fixation.
The protocol for quantification of ONLT was previously described (47, 48) . ONL and INL thicknesses were measured in a single 5 mm section stained by H&E. Three measurements were made at each nine, 0.25 mm interval in both superior and inferior hemispheres using ImageJ software. ONLT index, which is the ONLT normalized by the corresponding INL thickness, was assessed at P19, when the INL was comparable with controls, to correct for artificial variability such as oblique sectioning (47) . Sections with the widest area of optic nerve head and uniform alignment of both ONL and INL with well-focused IS throughout entire section were selected for quantification.
Polyclonal NPHP4 antibody was raised against a HIS-fusion N-terminal NPHP4 fragment (188 amino acids). For competitive antigen blocking studies, 1 mg/ml of immunizing protein was pre-incubated with anti-NPHP4 prior to use on sections.
For IHC studies, sections were incubated with anti-rhodopsin Retinas were dissected and stained with anti-red/green opsin (1:200; Chemicon) in a cold chamber with agitation for 2 days, and followed by an overnight incubation with Cy-3 conjugated secondary antibody. Sections were examined by confocal microscopy.
Western analysis
Total protein from whole eyes was isolated using lysate buffer (1% NP-40, 0.1% SDS and 0.5 % sodium deoxycholate in PBS). One hundred micrograms of total protein were electrophoretically separated on a 10% SDS -polyacrylamide gel and transferred onto a nitrocellulose membrane. The membrane was stained with antibodies and visualized using the ECL detection system (Perkin-Elmer).
Reproductive physiology
To assess fertility, spontaneous mating experiments were conducted for 12 weeks using both adult male and female homozygous mutants and WT mice (n ¼ 8/genotype and sex). Age-matched, homozygous mutant and WT mice were mated to either 6-week-old female or 12-week-old male B6 mice and the number of litters was recorded. In another group of mice, timed-mating experiments were conducted to detect behavioral abnormalities associated with infertility. For these experiments, adult female B6 mice were primed with pregnant mare serum gonadotropin (5 IU, ip, Sigma) followed 44 -46 h later by administration of human chorionic gonadotropin (5 UI, ip, Sigma) to induce ovulation, and were mated overnight with either adult homozygous mutants or WT male mice (n ¼ 8 per genotype). Hormone-primed females were assessed for coitus by the presence of a copulatory plug the following morning, and for pregnancy by palpitation. The percentage of male mice that successfully mated and sired offspring were recorded and analyzed statistically using x 2 -tests to detect significant differences.
Sperm motility, countsand in vitro fertilization
In mice, spermatogenesis yields fully formed spermatozoa in the testes that enter the caput epididymis in an immature state, not capable of motility and fertilization. Spermatozoa complete their maturation while transitioning via peristalsis from caput to caudal epididymis, which absorbs testicular fluid to concentrate the sperm. Full capacitation of spermatozoa occurs outside the male reproductive tract and only fully capacitated sperm can induce fertilization. Sperm count and motility tests were conducted in accordance with capacitation by releasing sperm from the caudal epididymis into the petri dish with IVF culture media. Sperm motility was evaluated in duplicate for each mouse on at least 100 sperm to assess the percentage of motile sperm and quality of forward progressive movement (fpm) at 1, 2 and 4 h after release from the caudal epididymis. The quality of fpm was evaluated by a standard scale (50, 51) . A SMI was calculated for each replicate at each time interval (SMI ¼ fpm score X % motile cells) (50, 51) . Sperm were counted in duplicate for each mouse using a hemocytometer, magnified ×50. Additional sperm samples were diluted in fixative (1:2), centrifuged (5000 rpm for 30 s) to concentrate sperm and processed for TEM, as previously described (15) .
For IVF tests, caudal epididymal sperm, from adult 10-to 14-week-old homozygous mutant and WT males, were harvested to inseminate 40-60 ovulated oocytes (B6 female mice) collected per donor male and cultured for 4 h at 378C in miniature CO 2 incubators (New Brunswick Scientific, NJ, USA). Fertilization was carried out for 4 h in minimum essential medium prepared with Earle's balanced salt solution, containing both essential and non-essential amino acids (Gibco) 0.23 mM pyruvic acid, 75 mg/l penicillin G, 50 mg/l streptomycin sulfate, 0.01 mM tetra sodium EDTA (Sigma) and 3 mg/ml BSA (Sigma). After fertilization, all oocytes were collected, washed twice in fresh medium and cultured overnight in 1 ml of the same medium. Embryos that cleaved to the two-cell stage were counted, collected and washed twice in KSO medium supplemented with essential and nonessential amino acids and permitted to develop until the blastocyst stage in this medium (52, 53) .
Gonadal histology
Adult homozygous mutant and WT male mice were killed by cervical dislocation, and immediately perfused with 2 ml of physiological saline (pH 7.4, 48C). Testes were collected and immersed overnight in Bouin's fixative. Tissues were rinsed three times, paraffin-embedded and sectioned at 5 mm on a microtome. To assess the presence of spermatozoa, separate slides were processed using the cytological stains, Periodic acid-Schiff and toluene blue. Images were collected with a digital camera attached to a Leica DMRB microscope, under ×20 objective.
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